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Strong Stark effect of the intersubbancl transitions in the three coupled 
quantum wells: Application to voltage-tunable midinfrared photodetectors 
Yimin Huang and Chenhsin Liena) 
Department of Electrical Engineering, National Tsing Hua, University Hsinchu, Taiwan 30043, 
Republic of China 
(Received 23 January 1995; accepted for publication 26 April 1995) 
The quantum-confined Stark effect in the AlInAs/GaInAs three-coupled-quantum-well (TCQW) 
structures is studied theoretically. The basic AlInAs/GaInAs TCQW structures are composed of 
three GaInAs quantum wells separated by two narrow AlInAs barriers. Results indicated that the 
three-depth TCQW structure exhibits a very large and neat-linear voltage-control Stark shift for the 
energy of the l-+4 intersubband transition (AE,,). The amount of the Stark shift of calculated 
intersubband energy separation AE,, is about 175 meV as the applied electric field varied from -90 
to 90 kV/cm. This large Stark shift can be exploited for fabricating a voltage-tunable midinfrared 
photodetector operating in X=3-S ,um atmospheric window region. By employing the enhanced 
Stark shift of the l-+4 intersubband transition in the three-depth TCQW structure, a highly sensitive 
voltagetunable midiirared photodetector is proposed. The operation of this device is based on the 
infrared absorption by electrons in the ground-state subband E, transited to the third-excited-state 
subband E, of the TCQW. Since the infrared radiation is absorbed via the intersubband resonance 
absorption (ho= E, -Et), the detected infrared wavelength can be tuned by the AE4t which can be 
adjusted by an applied electric field. The tunability of this three-depth TCQW structure has been 
studied theoretically. Based on the theoretical calculations, a tuning range from 3 to 5 pm is 
predicted for the three-depth TCQW structure by varying the applied electric field in the 90 to -80 
kVlcm range. 0 1995 American Institute oj. Physics, 
I. INTRODUCTlON 
Recent advances in semiconductor growth technologies, 
such as molecular-beam epitaxy (MBE) and metal-organic 
chemical-vapor deposition (MOCVD), has made it possible 
to construct, layer by layer, very thin layers of semiconductor 
material under controllable conditions. Semiconductor de- 
vices having layered structures have been proposed and 
fabricated.lm9 In particular, one-dimensional potential-well 
structures consisting of alternating ultrathin layers (of thick- 
ness on the scale of the de Broglie wavelength of an elec- 
tron) with different composition and doping level up to 1Or9 
cmd3 have been fabricated and have exhibited very good 
performance. ’ m9 The optical and electronic response of such 
microstructures can be tailored by varying the composition 
and thickness of the layers leading to the development of 
novel electronic and optoelectronic devices. There has been a 
considerable increase in research activity directed toward the 
development of microstructures containing such ultrathin 
layers that form electronic quantum wells. These quantum 
wells are produced by the energy-band offset between adja- 
cent materials and have now been observed for many com- 
bination of materials.” Confinement of carriers in a semi- 
conductor quantum well” leads to the formation of discrete 
eigenenergy levels and drastic change of optic-absorption 
spectrum from the smooth function of bulk material to a 
series of step. From fundamental physics, quantum-well 
structures have been used to explore the physical properties 
of a whole new field of low-dimensional systems and quan- 
tum effects. 
“Author to whom correspondence should be addressed. 
Currently there has been a growing interest in fundamen- 
tal studies of quantum-well structures under the application 
of an electric field perpendicular to the layers.‘2-30 The most 
extensively studied and utilized subject is the quantum- 
confined Stark effect which generally refers to a shift in the 
eigenenergy levels of the quantum well under an applied 
electric field.‘2-30 The eigenenergy levels for a charge par- 
ticle in a quantum well may undergo significant shifts in the 
presence of an external electric held, and these shifts will 
have important effects on the optical and electronic proper- 
ties of quantum-well structures. In particular, the optical 
properties in quantum-well structures are strongly field de- 
pendent. The potential applications are infrared photodetec- 
tors with high wavelength selectivity based on the intersub- 
band absorption,18*19 high-contrast-ratio optical 
modulators,” and voltage-controllable nonlinear optical 
devices.“‘-23 The stark shift of the intersubband energy level 
of a square quantum well has been studied and the resulting 
shift compared to the peak width is rather small for the prac- 
tical device application.12-14 From the device point of view, 
it is desirable to have quantum-well structures with large 
Stark shift under the small driving bias. Studies of the inter- 
subband Stark shift have also been conducted in the step 
quantum well instead of the single quantum wells, in which 
an order-of-magnitude larger Stark shift has been predicted 
and observed.‘s-I7 In addition, an increasing amount of in- 
terest has been devoted to study more sophisticated 
quantum-well structures, such as coupled quantum wells 
(CQW), to further enhance the Stark effect.“4-30 The CQW 
structures generally consisted of a pair of quantum wells 
separated by a narrow barrier. Large Stark shifts of intersub- 
band transition in this CQW structure have been predicted 
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FIG. 1. Schematic band diagram of an undoped symmetric TCQW structure. 
The widths of these three GaaJnO s3As wells are 42 A. The widths of these 
two Al,.&a,,As barriers are 16 A. 
FIG. 2. Schematic band diagram of an undoped asymmetric TCQW struc- 
ture. The Gae,471n053A~ wells have widths of 64, 42, and 28 A, respectively, 
and are separated by two 16 A AlO.,&,,,,As barriers. 
theoretically”4-Z and observed experimentally.“-so. 
The enhanced Stark effects of the CQW structures have 
been reported in our previous works.18*1g In this article, the 
intersubband Stark effect in the AlInAs/GaInAs 
three-coupled-quantum-well” (TCQW) structures is studied 
theoretically. The schematic band diagram and envelope 
wave functions of a TCQW structure without applied electric 
field are shown in Fig. 1. The basic TCQW structures are 
composed of three GaInAs quantum wells separated by two 
AlInAs barriers (about 16 A) narrow enough that consider- 
able interaction occurs between electronic states in these 
wells. In this way, electrons in each well can interact strongly 
with each other to achieve a large Stark tuning effect. The 
nonlinear optical properties of the TCQW. structures have 
been studied and strong Stark tuning effect for the nonlinear 
optical susceptibilities has been observed experimentally.“tY3t 
This large Stark shifts of intersubband transitions in the 
TCQW structures can be exploited for the fabrication of 
voltage-tunable photodetectors with a high wavelength selec- 
tivity and high-contrast-ratio optical modulators operating in 
the range from mid- to far infrared. 
wave functions of the three-depth TCQW structure without 
applied electric field are shown in Fig. 3. The three-depth 
TCQW structure consists of three quantum wells with differ- 
ent depths separated by two narrow barriers. The depth of 
each quantum well can be individually controlled by the 
composition of the Ga,In, -,As quantum well. The three- 
depth TCQW structure with this extra design parameter of 
the well depth difference AUi, will render much more flex- 
ibility in customizing the subband eigenenergy levels and the 
envelope wave functions in the well to obtain a large l-+4 
intersubband Stark effect. The three-depth TCQW structure 
is engineered in such a way that the envelope wave function 
of the ground-state subband Et is mainly located in the wide 
left-hand-side well while that of the third-excited-state sub- 
band E, is mainly located in the narrow right-hand-side well 
(as shown in Fig. 3). Since the ground-state-subband and the 
third-excited-state-subband electrons reside in the opposite 
side of the TCQW, the l-+4 intersubband transition in the 
The theoretical calculations show that the energy of the 
l-3 intersubband transition (AE, t j in the asymmetric 
TCQW structure (Fig. 2) can be either red or blue Stark 
shifts depending on the direction of the applied electric field 
and gives further enhanced Stark shift. The amount of the 
Stark shift from the calculated eigenenergy spacing A E, 1 is 
about 125 meV as the applied electric field varied from -90 
to 90 kV/cm. Although this l-+3 intersubband transition of 
the asymmetric TCQW structure possesses very large Stark 
shift, still the associated intersubband transition energy is too 
small for the 3-5 pm midinfrared application. The larger 
eigenenergy spacing AE41 associated with the l-+4 transi- 
tion in the asymmetric TCQW may be employed, still the 
intersubband energy separation AE,, in this asymmetric 
TCQW depends weakly on the applied electric field. Instead 
of the TCQW with uniform well depth, an AlInAslGaInAs 
three-depth TCQW structure is proposed to give a large 
enough eigenenergy spacing without scarifying the Stark 
tuning ability. The schematic band diagram and envelope 
-120 -80 -40 0 40 80 120 
FIG. 3. Schematic band diagram of a three-depth TCQW structure. This 
quantum-well structure consists of a 64 8, Gaa,JnO,ssAs deep well, a 42 A 
Gar,,,InO.,,As middle well, and a 28 8, Gaas,Insr,As shallow well, separated 
by two 16 A Ai,,,.&c,,As barriers. The different electronic potential ener- 
gies AU, and AU2 are 93 and 284 meV, respectively. Only the left-hand- 
side well is assumed to be doped with silicon. 
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three-depth TCQW does exhibit a very large and nearly lin- 
ear voltage-control intersubband Stark shift due to a large 
potential drop between these two wells under the application 
of the electric field. The amount of the Stark shift from the 
calculated eigenenergy spacing AE4, is about 175 meV as 
the applied electric field varied from -90 to 90 kV/cm. 
By taking advantage of this very large l-+4 intersub- 
band Stark shift in the three-depth TCQW, a highly sensitive 
voltage-tunable midinfrared photodetector with very large 
tunability is proposed in this article. This photodetector is 
ideal for the device application in the 3-S pm atmospheric 
window region. The operation of this device is based on the 
infrared absorption by electrons in the ground state of the 
TCQW transited to the third-excited-state subband E, . Since 
the infrared radiation is absorbed via the intersubband reso- 
nance absorption (fiw= E,- E,), the detected infrared wave- 
length can be tuned by the AEhl which can be adjusted by an 
applied electric field. The tunability of this three-depth 
TCQW structure has been studied theoretically. Based on the 
theoretical calculations, a tuning range from 3 to 5.1 ,um is 
predicted for the three-depth TCQW structure by varying the 
applied electric field in the 90 to -80 kV/cm range. 
In order to supply electrons to the ground-state subband 
of the three-depth TCQW for the practical photodetector ap- 
plication, the well must be doped with an N-type dopant. In 
this study, only the wide left-hand-side well of the three- 
depth TCQW is assumed to be doped with silicon (the dop- 
ing concentration is about 1X1018 cm “). Under the influ- 
ence of the ionization donor density, subband envelope wave 
functions and eigenenergy levels are calculated self- 
consistently by simultaneously solving the one-dimensional 
Schrijdinger and Poisson equations. The Schrtidinger equa- 
tion is solved by the transfer matrix method3* and the Pois- 
son equation by numerical integration. The energy-dependent 
effective mass due to energy-band nonparabolicity33*34 is also 
taken into account in this article. This analysis is then em- 
ployed to determine the energy-band nonparabolicity in- 
duced lowering of the subband eigenenergy levels. 
II. THEORY AND FORMALISM 
In this section a self-consistent method to evaluate the 
eigenenergy levels and associated envelope wave functions 
is described for TCQW structures under the influence of an 
applied electric field and ionized donors. The results of the 
derivation are essential to understand the physical properties 
of electrons in these quantum-well structures and the charac- 
teristics of the infrared detectors employing these quantum- 
well structures. 
The TCQW structure generally refers to a structure 
where three quantum wells are separated by two narrow bar- 
riers. Depending on the width and depth difference of these 
three wells, the TCQW system can be divided into three 
different categories: symmetric TCQWs (Fig. l), asymmetric 
TCQWs (Fig. 2), and three-depth TCQWs (Fig. 3). The 
eigenenergy levels of the one-dimensional finite potential 
well can be found by solving the time-independent Schrij- 
dinger equation, 
HJI%,(z) = (1) 
where U(z) = - 4 V(z) represents the electronic potential en- 
ergy variation, 4 is the magnitude of electronic charge, m* is 
the effective mass of the charge particle, and ti=h/2rr, 
where h is Planck’s constant. E, and &, respectively, rep- 
resent the energy eigenvalue and the eigenfunction of the nth 
eigenstate. At the AlInAs/GaInAs interface the electronic 
wave function and its first derivative qk’(z)lm* are assumed 
to satisfy the continuity condition.35 The electronic potential 
V(z) in the conduction band is determined by the Poisson 
equation, 
0) 
where N;(z) is the ionized donor concentration and n(z) is 
the electron density. To solve the Schrijdinger equation and 
Poisson equation self-consistently, and initial potential pro- 
file is first guessed. The Schrtidinger equation was solved by 
the transfer matrix method to find eigenenergies and enve- 
lope wave functions for the given potential protile. The Pois- 
son equation was then solved by the numerical integration to 
find the new potential profile for the known two-dimensional 
electron gas (2DEG) profile from the Schrijdinger equation. 
This process is repeated until the convergence criterion 
IIVi+l(z)-V1(z)]IVi+lI<S is reached, where Vi(z) is the 
trial potential profile, Vi+ 1(z) is the resulting potential pro- 
file, and S is a small number. The energy-dependent effective 
mass due to the energy-band nonparabolicity is also been 
taken into account. This causes a lowering of subband ener- 
gies of the higher-excited-state subbands and the lowering 
effect becomes substantial for the highest-excited-state 
subband.j3 For a more detail derivation, most materials, can 
be found in Refs. 18 and 33. 
The linear intersubband optical-absorption coefficient 
within the conduction band of the quantum well can be ex- 
pressed ?s36 
1 +exp[(EF-i,jIKBT] 
1 fexp[(EF-E,jlKs% 
h/7’ 
X(E,-E,-fio)*+(Pt/rjz ’ 1 
where h is the permeability in vacuum, E is the dielectric 
constant, w is the total quantum-well width, 7 is the dephas- 
ing time, E, is the Fermi level of the system, KB is the 
Boltzmann constant, T is the temperature, and E, and E, are 
eigenenergies with m > n . The dipole matrix element M,, is 
given by 
I WI2 M,,-= ~w,2~;(dIzl hwz. 
It can be easily seen that the resonance absorption occurs at 
ho=E, - E, . Since E,-E, increases or decreases with an 
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FIG. 4. Schematic band diagram of a symmetric TCQW structure under the 
applied electric field of 80 kV/cm. 
applied positive or negative electric field for the three-depth 
TCQW. the absorption resonance can be easily tuned by the 
externa1 electric field for this TCQW structure. 
Ill. RESULTS AND DISCUSSIONS 
The mathematical method to find the subband eigenen- 
ergies and envelope wave functions of the Schrodinger equa- 
tion for various TCQW structures with applied electric field 
has been developed in Sec. II. The theories for the absorption 
coefficient have also been studied. Based on these calcula- 
tions, the Stark tuning effect of the TCQW structures and the 
characteristics of the voltage-tunable midinfrared photode- 
tector are discussed in this section. All the numerical calcu- 
lations done in this article are based on the following param- 
eters unless otherwise stated: the thickness of these two 
Al,~4sIn,,,2As barriers is assumed to be 16 A, T=77 K, and 
all of the dephasing times r are assumed to have the same 
values of 0.14 ps (corresponding to a linewidth of about 15 
meV). The conduction-band-gap discontinuity and effective 
mass for the GaInAs/AlInAs material system used here are 
adopted from Ref. 37. 
A. Stark tuning effect In the symmetric TCQW system 
The schematic band diagram and envelope wave func- 
tions of a symmetric TCQW structure without applied elec- 
tric field are shown in Fig. 1. In the absence of the applied 
electric field, this TCQW structure has well-defined symme- 
try and the coupling of states at each single quantum well 
through these two narrow barriers causes the splitting of each 
subband into three states. For example, the ground-state sub- 
band for an isolated quantum well splits into E, (ground- 
state subband), E, (first-excited-state subband), and Es 
(second-excited-state subband). Application of an electric 
field can skew electrons in these three subbands into differ- 
ent wells of the TCQW (as shown in Fig. 4). In this way, the 
l-+2 and the 143 intersubband transitions in this TCQW 
exhibit as large Stark effect. The relation of calculated 
eigenenergy differences AE2, , AE,, , and AE,, as a func- 
tion of the applied electric field for this symmetric TCQW 
are shown in Fig. 5. The positive direction of the applied 
5 120 
it! a, 100 
ZE n 80 
3 b 60 
z ii 40 
tsI 
ii 20 
-90 -60 -30 0 30 60 90 
Electric Field (kV/cm) 
FIG. 5. Relation of the calculated eigenenergy spacing AE2,, Al&., , and 
A&, as a function of the applied electric field for the sytnmetric TCQW 
structure. 
electric field is defined as from left- to right-hand side (i.e., 
positive z direction). The eigenenergy spacing AE,, is found 
to be weakly dependent on the applied electric field, while 
the other two eigenenergy spacings, AE2i and AE,, , are 
strongly dependent on the applied electric field. The eigenen- 
ergy levels and the associated envelope wave functions of 
the symmetric TCQW under an applied electric field of 80 
kV/cm are shown in Fig. 4. By comparing the envelope wave 
functions in Fig. 1 to those in Fig. 4, the advantage of the 
coupled effect of the symmetric TCQW becomes evident. In 
the presence of the applied electric field it is clear that the 
envelope wave functions of the ground-state subband El and 
the third-excited-state subband E4 tend to lean toward the 
left-hand-side well, while the envelope wave function of the 
first-excited-state subband E2 tends to locate in the middle 
well and that of the second-excited-state subband E3 to lean 
toward the right-hand-side well. Thus, as the applied electric 
field is increased, the ground-state and the third-excited-state 
subbands track the center of the left-hand-side well, the first- 
excited-state subband tracks the center of the middle well, 
and the second-excited-state subband tracks the center of the 
right-hand-side well. The center of gravity for electron den- 
sity of the ground-state subband and that of the first-excited- 
state subband tend to shift oppositely in the presence of the 
applied electric field. The electrons residing in these two 
subbands are further separated by an additional amount of 
potential energy difference due to the applied electric field. 
This additional separation will give an additional eigenen- 
ergy difference AE,, (1 +2 intersubband transition). The 
amount of shift for the AE,, is about 28 meV as the applied 
electric field varied from 0 to 90 kV/cm. In addition, since 
the center-of-gravity separation (AD,,) between the ground- 
state and the first-excited-state subbands is nearly propor- 
tional to the applied electric field F and the amount of shift 
for the AE,, is proportional to the potential energy differ- 
ence (ADZ1 XF), a parabolic relation between the AE,, and 
the applied electric field F is expected. 
A similar parabolic field-dependent Stark shift as the 
AE2r is also observed for the eigenenergy spacing of the 
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A&, (1+3 intersubband transition). Since the AE, 1 is re- 
lated to the separated between the center of the left-hand-side 
well and the right-hand-side well while the AE,, is related to 
the separated between the center of the left-hand-side well 
and the middle well, a larger Stark shift for the A&r as 
compared to the AE,, is expected. The amount of Stark shift 
for the AE,, is about 50 meV as the applied electric field 
varied from 0 to 90 kVfcm which is larger than that of the 
AEa, as expected. Unlike the asymmetric TCQW structure, 
it is evident from Fig. 5 that only the blue Stark shift is 
observed for the intersubband transitions in these symmetric 
TCQW structures. Thus, the subband spacing of the symmet- 
ric TCQW structures could be tuned in one direction only 
and a smaller Stark shift is expected. As for the AE4t, since 
the envelope wave functions of the ground-state and the 
third-excited-state subbands are mostly located in the same 
well (left-hand-side well) in the presence of the applied elec- 
tric field, the field-induced Stark shift for the eigenenergy 
spacing AE,, is very small and cannot be effectively tuned 
by the applied electric field. 
B. Stark tuning effect in the asymmetric TCQW 
system 
The Stark tuning effect of the TCQWs can be further 
enhanced by employing structures which have both blue and 
red Stark shifts. Jn order to have both blue and red Stark 
shifts, the TCQWs must be asymmetric about the direction of 
the applied electric field. This can be accomplished by the 
following two methods: 
(1) the use of an asymmetric TCQW (Fig. 2) and 
(2) the use of a three-depth TCQW {Fig. 3). 
A schematic band diagram of an asymmetric TCQW struc- 
ture without the applied electric field is shown in Fig. 2. As 
can be seen that the envelope wave functions of the ground- 
state and the third-excited-state subbands are mainly located 
in the wide left-hand-side well, the envelope wave function 
of the first-excited-state subband is mainly located in the 
middle quantum well, and that of the second-excited-state is 
mainly located in the narrow right-hand-side well. Since 
electrons of the first three subbands (E, , EZ, and E3) reside 
in the different wells of the TCQW, the 142 intersubband 
transition (l-+3 intersubband transition) exhibits a large 
Stark effect due to a large potential drop between the centers 
of the left-hand-side well and middle well (right-hand-side 
well) under the application of the electric field. The relation 
of the calculated eigenenergy spacing AE,, . AE,, , and AE,, 
as a function of the applied electric field is shown in Fig. 6. 
As expected, a large variation of the AE,, and AEzl does 
arise due to the applied’electric field. It is also evident that 
the AEar and AE,, in this TCQW structure do possess both 
red and blue Stark shifts depending on the direction of the 
ripplied electric field. The blue shift occurs as the applied 
electric field is positive while the red shift occurs as the 
applied electric field is negative. Thus, the corresponding 
subband spacing AE,, and AE,, can be tuned in a broader 
range by changing the direction of the applied electric field. 
between the centers of the wide left-hand-side well and the 
middle well. The amount of shift for the AE,, is about 36 
meV from the theoretical calculation as the applied electric 
field varied from 0 to 60 kV/cm, while the potential drop 
between the centers of the left-hand-side well and middle 
well is about 41 meV for the applied electric field of 60 
kVlcm. Approximating the Stark shift by the potential drop 
between the centers of these two wells gives reasonably good 
agreement with the theoretical calculation. If a negative elec- 
tric field is applied to the TCQW, the envelope wave function 
of the ground-state subband will move toward even the 
middle quantum well, i.e., the lower potential energy side (as 
shown in Fig. 7), resulting in a great reduction of the mag- 
nitude of the red shift. For a large negative electric field, the 
envelope wave functions of the ground-state subband are 
mostly located in the middle well. Thus, the AE,, cannot be 
tuned any further and the AE,, line in Fig. 6 becomes flat- 
tened in the -60 to -90 kV/cm electric-field range. 
A similar argument can be applied to the field-induced 
Stark shift in the eigenenergy spacing of the AE,, . By as- 
suming that the ground-state-subband electrons located at the 
E4 
E3 
Ez 
El 
120 -80 -40 0 40 80 120 
For the 1+2 intersubband transition (AE,, j, the amount FIG. 7. Schematic band diagram of an asymmetric TCQW structure under 
of the Stark shift can be approximated as the potential drop the applied electric field of -70 kV/cm. 
g 200 
z 
e, 160 
CE 
= 120 
90 -60 -30 0 30 60 90 
Electric Field (kV/cm) 
FIG. 6. Relation of the calculated eigenenergy spacing A&, , AEsl, and 
A/3,+, as a function of the applied electric field for the asymmetric TCQW 
structure. 
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center of the left-hand-side well and the second-excited- 
state-subband electrons at the center of the right-hand-side 
well, the Stark shift in the AE,, can also be approximated as 
the potential drop between the centers of these two wells. 
The potential energy drop between the centers of the ieft- 
hand-side well and the right-hand-side well is about 72 meV 
for the applied electric field of 60 kV/cm, while the amount 
of the calculated Stark shift of AE,, is about 52 meV as the 
applied electric field varied from 0 to 60 kV/cm. Since the 
AE,, is related to the separation between the centers of the 
left-hand-side well and the middle quantum well, while the 
AE,, is related to the separation between the centers of the 
left-hand-side well and the right-hand-side well, thus, a large 
Stark shift for the AE,l as compared to the AE,, is ex- 
pected. The eigenenergy difference of the It4 intersubband 
transition [AE4J is weakly dependent on the applied electric 
field because the ground-state and the third-excited-state sub- 
bands are mainly located in the same well (left-hand-side 
well), similar to the situation of the symmetric TCQW struc- 
ture. 
C. Voltage-tunable midinfrared photodetector 
To design a voltage-tunable midinfrared photodetectors, 
the intersubband energy spacing AE should be close to the 
3-S pm wavelength range (corresponding to an eigenenergy 
spacing AE in the 413.3-248 meV range) and the relevant 
eigenenergy spacing AE should be tuned in a broad range by 
the applied electric field. Although the l-+3 intersubband 
transition (A.&J in the asymmetric TCQW has a large Stark 
shift, still the eigenenergy spacing AE,, of this l-+3 inter- 
subband absorption is too small to be used in 3-5 ,um mid- 
infrared region. The larger eigenenergy spacing AEd asso- 
ciated with the l--+4 transition in the asymmetric TCQW 
may be employed, still the intersubband energy separation 
AE,, in the asymmetric TCQW depends weakly on the ap- 
plied electric field. Instead of the TCQW with uniform well 
depth, a three-depth TCQW structure is proposed to give a 
large enough eigenenergy spacing without scarifying the 
Stark tuning ability. A three-depth TCQW structure is engi- 
neered in such a way that the envelope wave function of the 
ground-state subband E, is mainly located in the wide left- 
hand-side well while that of the third-excited-state subband 
E4 is mainly located in the narrow right-hand-side well (as 
shown in Fig. 3). Thus, the l-+4 intersubband transition 
(AE4,) in the three-depth TCQW structure does exhibit a 
very large and nearly linear voltage-control intersubband 
Stark shift while maintaining the eigenenergy spacing AEal 
in the 413.3-248 meV range. 
The schematic band diagram and envelope wave func- 
tions of a three-depth TCQW, consisting of a 64 8, 
G%.47b.53As left-hand-side well, a 42 A G%.591n0,41As 
middle well, and a 28 A Ga,-,sIInO,IsAs right-hand-side well 
separated by two 16 A A10~,sLno,~2As barriers surrounded by 
an &.48@,52A~ outer barrier, without applied electric field, 
.are shown in Fig. 3. The three-depth TCQW with this extra 
design parameter of $e well depth difference AUi renders 
much more flexibility in customizing the subband eigenen- 
ergy levels and the envelope wave functions of the TCQW to 
give a large l-4 intersubband Stark shift. As shown in Fig. 
a, 350 
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FIG. 8. Relation of the calculated eigenenergy spacing AE2,, AE,, , and 
A&, as a function of the applied electric field for the three-depth TCQW 
stmcture. 
3, the envelope wave functions of the ground-state and the 
second-excited-state subbands are mainly located in the wide 
left-hand-side well, the envelope wave function of the first- 
excited-state subband is mainly located in the middle quan- 
turn well, and that of the third-excited state is mainly located 
in the narrow right-hand-side well. Since the ground-state- 
subband and the third-excited-state-subband electrons reside 
in the opposite side of the TCQW, a very large Stark shift in 
the AE,, can be expected due to large potential drops be- 
tween these two wells under the application of the electric 
field. The relation of the calculated eigenenergy spacing 
m41 as a function of the applied electric field is shown in 
Fig. 8. As expected, a large variation of the AE,, does arise 
for the three-depth TCQW under the applied electric field. 
Thus, the corresponding subband spacing AEd of this three 
depth TCQW can be tuned in a wider range by the applied 
electric field. The amount of shift is about 175 meV as the 
applied electric field varied from -90 to 90 kV/cm. In addi- 
tion, a large field-induced Stark shift i the eigenenergy spac- 
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FIG. 9. Calculated linear intersubband absorption coefficient LY as a function 
of the infrared wavelength under various applied electric fields for the three- 
depth TCQW structure. 
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FIG. 10. Schematic band diagram of a three-depth TCQW structure under 
the applied electric field of -70 kV/cm. 
ing of the AEzl is observed, while a small field-induced 
Stark shift in the eigenenergy difference A&r of the l-+3 
intersubband transition is found. 
The absorption coefficient for the TCQW structures is 
evaluated by using Eq. (3). The resulting relation between 
the absorption coefficient and the photon wavelength under 
various applied electric fields for the three-depth TCQW is 
shown in Fig. 9. It can be seen that this structure does give a 
very good tunability. The spectral response of the proposed 
three-depth TCQW varied from 3 to 5 e as the applied 
electric field changed from -80 to 90 kVlcm. From Fig. 9, 
the absorption coefficient is greatly enhanced in the large 
negative-field region. In the absence of an applied electric 
field, the envelope wave function of the third-excited-state 
subband is mainly located in the right-hand-side well as 
shown in Fig. 3. Once a negative electric field is applied to 
the three-depth TCQW, the envelope wave function of the 
third-excited-stafe subband tends to lean toward the left- 
hand-side well (as shown in Fig. IO). In this way, a higher 
dipole matrix element Ma1 is expected due to the larger 
overlap between the envelope wave function of the ground- 
state subband and that of the third-excited-state subband. As 
a result, a higher absorption coefficient is expected in the 
high-negative-field region. 
IV. CONCLUSIONS 
The quantum-confined Stark effect in the TCQW struc- 
tures has been studied theoretically. The enhanced Stark ef- 
fect of the intersubband transitions in the TCQW structures 
has been demonstrated. By careful tailoring of layer thick- 
ness and composition, the l-+4 intersubband transition in the 
three-depth TCQW structure could have a very large Stark 
shift and could be used to fabricate a voltage-tunable midin- 
fiared photodetector with a very large tunability. The tunabil- 
ity has been estimated by the self-consistent method, and the 
absorption coefficient of the TCQW photodetector has also 
been studied. An AlInAs/GaInAs three-depth TCQW 
voltage-tunable photodetector with tuning ranges from 3 to 5 
pm has been proposed. This photodetector is ideal for the 
device application in the 3-5 pm atmospheric spectral win- 
dow region. 
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